Abstract This paper presents a multi-scale curvature product corner detection technique in the framework of B-spline curvature scale space. A scale product function is derived from the curvature product of the contour at different scales. Corners are constructed as the local maxima by thresholding the curvature product results across several scales. Through scale product, the localization accuracy and detection performance can be notably improved in terms of CNN criteria. Experiments also demonstrate that proposed method shows robustness to high frequency details and provides promising detection results.
Introduction
Corner detection is an important research area in computer vision. Corners are important features that may be used at subsequent levels of computer vision such as object recognition, stereo matching and motion estimation.
Scale-space based approaches are usually proposed for developing multi-scale corner detection algorithms [1] . Mokhtarian and Suomela [2, 3] proposed two CSS corner detectors for gray-level image. He and Yung [4] proposed an improved corner detection approach based on the CSS corner detection. Although these algorithms have achieved better detection results for multiple-scale features, these techniques are not computationally efficient because they require filtering with Gaussian function over continuous scales; corner detection is still in single-scale. Because the wavelet transforms can be implemented via the fast algorithm provided by Mallat and Zhong [5] , multiple scale analysis of contour curves with wavelet can be easily achieved. Several algorithms [6, 7] using wavelet to detect corners were proposed, however, they are still single-scale algorithms.
Using the B-spline wavelets, we can obtain efficient subdivision algorithms and compute the geometric information of the curve easily. Wang [8] presented an algorithm for multi-scale curve representation based on B-spline wavelets. The curve representations in the B-spline scale space also enjoy other advantages over the Gaussian scale spaces. On the other hand, the idea of scale product which was first proposed by Rosenfeld [9∼11] was used for edge detection. Scale product can enhance the edge signals and suppress the noise. Because the curvature variations of contour have the same property as image edge signal, multi-scale product is introduced.
Inspired by spline curvature scale space theory and multi-scale product characteristic, an effective detector algorithm is introduced, which can notably improve the detection performance and localization accuracy in terms of the CNN criteria. This paper is organized as follows: In Section 2, the idea of multi-scale curvature product(MSCP) is developed and analysed. In section 3, the performance of the multi-scale curvature product corner detection is evaluated according to the CCN criteria. Section 4 describes the experimental results and gives an analytical discussion. Some concluding remarks are made in Section 5.
2 B-Spline curvature scale space and multi-scale curvature product analysis
In this section, we will give the B-spline curvature scale space and define the multi-scale curvature product. A robust and effective corner detector algorithm will be obtained.
B-Spline curvature scale space
Since B-splines provide a stable multiresolution representation of a signal at multiple scales, it is preferable to select B-splines as smoothing kernels to extract multi-scale information inherent in an image. More details can be found in [8, 12] .
Let the curve Γ be first parameterized by the arc length parameter u
An evolved version Γs(u) of Γ (u) can be computed and expressed as follows
where
A wavelet transform of a signal is computed by convolving the signal with a dilated wavelet. The wavelet transform of Γ (u) at scale s is as follows
According to (4)∼ (7), we can define the curvature function k(u, s) at scale s as
where ⊗ is the convolution operation.
Multi-scale curvature product analysis
Multi-scale product had been used to enhance the multiscale peaks due to edge while suppressing noise. In fact, the curvature variations of contour have the same property as image edge signal. Therefore, multi-scale curvature multiplication is exploited to reinforce the corners and to suppress the boundary details and noise, which is defined as follows
Especially, when s = 2 j is chosen, MN (u) is denoted by
More generally, we include an arbitrary set of scales, thus
where N is an integer set of cardinality. According to the curvature variation, the number of local curvature extrema with respect to noise and boundary details decreases quickly with the scale due to the increasing smoothing, and the smoothing at higher scales will smear noise and boundary details and dampen extrema in M (u). While extrema k(u, s) due to inflection points (or curvature zero-crossing points) will propagate across scales, the extrema due to noise will tend not to. So that M (u) will tend to reinforce the sharp corner response but not the detail features and noise. We choose a Koch s snowflake contour corrupted by Gaussian noise (σ = 0.01) given in Fig.1 
The curvature product algorithm
Base on the above observation, we present the following algorithm for corner detection in an image.
1) Apply the Canny edge detection to extract edges from the original image.
2) Extract the edge contours from the edge image, fill the gaps in the contours and find the T-junctions.
3) Perform curvature for each edge contour described by B-spline wavelet at different scales.
4) Compute the curvature products across scales for each edge contour. 5) Consider those local curvature extrema as corner candidates whose absolute curvatures are above the threshold.
6) Compare the T-junction to other corners found using the curvature and discard corners which are very close in its neighborhood.
Performance of the proposed algorithm
In this section we introduce a criterion for measuring the stability of the proposed corner detector algorithm, which was described in [13] . It computes the consistency of corner numbers (CCN) which takes into account the number of corners in the original image as well as the number of corners in each of the transformed images. Let N0 be the number of corners in the original image, Nt be the number of corners in each of the transformed images. The criterion of consistency of corner numbers is defined as follows
where CCN stands for consistency of corner numbers.
In the following, the comparative experiments which estimate the performance of the proposed method with CSS [2] and adaptive threshold CSS [4] with respect to CCN criteria are performed under rotation, scale and affine transform. degrees. Finally, the number and the position of corners in all rotated images are extracted. Fig. 4 shows the CCN under uniform scaling transform. Uniform scale transformation is implemented for original image with scale changes from 0.5 to 2. The same process to extract the number and the position of corners for original image and uniform scaling of this image is performed as the rotation experiment. Table 1 demonstrates average CCN under non-uniform and affine transform. The variations of x-scale and y-scale are from 0.4 to 1.2 and 0.4 to 1.2, respectively. Affine transform is applied to the original image. Here we apply a rotation angle of -10 to +10 degrees and combine with the variation of x-scale and y-scale.
Comparative experiment
After performing our experiments on rotated, uniform and affinely transformed images, in terms of the recordation of the number and the position of corners, we compute CCN . The results of these computations for rotation and uniform scaling have been illustrated in Fig. 3 and Fig. 4 . The average of consistency in non-uniform and affine transform is illustrated in Table 1 respectively.
From Fig. 3 , Fig. 4 and Table 1 , we observe that the average of CCN of the proposed algorithm is higher than those of CSS and adaptive threshold CSS for rotation, uniform, non-uniform scaling and affine transformation, respectively. The proposed method has the best stability among these three CSS corner detectors with respect to CCN criteria. 
Experimental results and discussion
In this section, we evaluate the performance of the proposed corner detector. We test our method using five images: airplane image in Fig. 5 , blocks image in Fig. 6 , house image in Fig. 7 . Also the comparison experiments with CSS and Adaptive threshold CSS are performed.
In Fig. 5(a) , although many corners are detected, the accuracy of both localization and the number of the corners is not good. Some corners are missing due to a sensitive global threshold. It is found that the adaptive threshold CCS performs well at localization and detection. However as threshold is adjusted, we can not smear the false corner, that is to say, we can not achieve good tradeoff between the true corners and the false corners. From Fig. 5(c) 
Conclusion
This paper proposed a simple and effective corner detection algorithm based on scale product technique through the observation for the curvature variation in the framework of spline curvature scale space. The proposed approach can enhance peak of corner extremum while suppress non-corner, which leads to better detection results. Moreover, the comparison between the proposed approach and other corner detectors shows that our approach is more competitive with respect to CCN criteria under rotation, scale and affine transformations.
